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Summary
Background: Subtelomeres, regions proximal to telomeres,
exhibit characteristics unique to eukaryotic genomes. Genes
residing in these loci are subject to epigenetic regulation and
elevated rates of both meiotic and mitotic recombination.
However, most genome sequences do not contain assembled
subtelomeric sequences, and, as a result, subtelomeres are
often overlooked in comparative genomics.
Results: We studied the evolution and functional divergence
of subtelomeric gene families in the yeast lineage. Our compu-
tational results show that subtelomeric families are evolving
and expanding much faster than families that do not contain
subtelomeric genes. Focusing on three related subtelomeric
MAL gene families involved in disaccharide metabolism that
show typical patterns of rapid expansion and evolution, we
show experimentally how frequent duplication events followed
by functional divergence yield novel alleles that allow the
metabolism of different carbohydrates.
Conclusions: Taken together, our computational and experi-
mental analyses show that the extraordinary instability of
eukaryotic subtelomeres supports rapid adaptation to novel
niches by promoting gene recombination and duplication
followed by functional divergence of the alleles.
Introduction
Subtelomeres are repeat-rich and gene-poor regions proximal
to the telomeres [1]. A precise definition of a subtelomere is
difficult because the length of the subtelomeric region varies
from 20 kb in some yeasts to several hundred kb in higher
eukaryotes [2, 3]. Apart from the low gene density, subtelo-
meres are characterized by epigenetic silencing [4, 5] and
increased rates of recombination and mutation [3, 6–9], with
the exception of flies [10, 11]. These regions are often lacking
from so-called whole-genome sequences because their high
repeat content and extensive sequence similarity [12] make it
difficult to assemble these regions and to distinguish ortho-
logs and paralogs [2, 13, 14]. As a result, subtelomeres remain
relatively understudied. For example, several landmark
studies that reconstruct the evolution of gene families could
not comprehensively analyze subtelomeric gene families
[14–17]. From the few examples we have, subtelomeres
seem to contain specific gene families that reflect the*Correspondence: kevin.verstrepen@biw.vib-kuleuven.beorganism’s lifestyle. In yeasts, genes involved in biofilm forma-
tion and carbohydrate utilization have been mapped to subte-
lomeres [18–23]. In parasitic eukaryotes such as Plasmodium
spp., trypanosomes, and pathogenic fungi, many virulence
genes reside at subtelomeres. Variegated expression of these
cell-surface genes allows these pathogens to continuously
change their outer surface and evade the host immune
response [24, 25]. In primates, multiple genes encoding olfac-
tory receptors [26] and members of the WASP family [27] have
been mapped to subtelomeres. Moreover, promiscuous rear-
rangements of these regions have been implicated in human
genetic disorders [28, 29]. These anecdotal examples support
the hypothesis that subtelomeres are variable loci harboring
specific and fast-evolving gene families. Indeed, other authors
have noted the rapid turnover of genes at subtelomeres
[30–32], but a comprehensive analysis is lacking. Here, we
use the genome sequences of eight ascomycete fungi to study
the evolution of subtelomeric genes. We use comparative
genomics to show that subtelomeric gene families evolve
faster than their nonsubtelomeric counterparts and then focus
on three related gene families to analyze how they have
evolved and functionally diverged. Together, our results
underpin the unique role of subtelomeres as hotbeds for
genomic evolution and innovation.
Results
In Silico Analysis of Subtelomeric Gene Families
Using the definition of subtelomeres as gene-depleted regions
[33], we investigated the gene density across the chromo-
somes of various yeast species and found that the average
gene density is significantly lower up to 33 kb away from the
telomeres (see Figure S1 available online). This 33 kb region
agrees with previous studies about the telomere position
effect [5] and sequence similarity between nonhomologous
chromosome ends [2, 3]. For our analyses, we classified
each gene as subtelomeric or nonsubtelomeric based on its
distance from the chromosome end. Although we only show
results for a telomere length of 33 kb as defined above, all of
our results are robust for subtelomere lengths between 10
and 50 kb (see below).
To investigate which genes are enriched and depleted at
subtelomeres, we used the gene ontology (GO) classification
[34] (Table S1). Subtelomeres show significant enrichment
for genes involved in response to stress and toxins, metabo-
lism of a broad spectrum of compounds, and transporters
involved in metal, amino acid, and carbohydrate uptake. By
contrast, genes responsible for typical housekeeping func-
tions such as ribosomal function, RNA processing, cell-cycle
control, mitosis, DNA repair, and DNA replication are depleted
at subtelomeres.
In order to compare the evolution of subtelomeric and non-
subtelomeric genes, we used the Markov cluster algorithm
(MCL algorithm) [15, 35, 36] to divide all genes across different
fungi into gene families based on their sequence similarity (see
Experimental Procedures). Gene families that contain at least
one gene located in the subtelomeric region were considered
to be subtelomeric families. On average, gene families that do
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Figure 1. Overview of Subtelomeric Families
versus Nonsubtelomeric Families
Subtelomeric families are more volatile than
nonsubtelomeric families. Every gene family
(orthogroup) is shown as a number of polygons
(individual genes per gene family) spatially
arranged in a circular area. The polygons are
colored according to their closest distance
(denoted as relative distance in the figure) to a
chromosome end going from pale yellow
(>200 kb away from the nearest chromosome
end) to dark red (<33 kb from the nearest chromo-
some end). The individual species are denoted
by the eight differently shaped polygons (e.g.,
triangle for D. hansenii).
(A) The average composition of nonsubtelomeric
gene families and subtelomeric gene families is
represented by two clusters (artificial clusters
representing the mean copy number and mean
distance to the telomere for subtelomeric and
nonsubtelomeric gene families). Nonsubtelo-
meric gene families show small differences in
copy number between species such that species
contain around the same number of genes and
show few genes within 200 kb of the chromo-
some end. Strikingly, subtelomeric gene families
show high copy number variation between species and have more genes within 200 kb (and especially within 33 kb) of the chromosome end.
(B) Some representative subtelomeric gene families are shown along with their functional annotation. Common characteristics among subtelomeric gene
families can be seen: high copy number variation can be seen between species, as well as multiple members less than 200 kb from the nearest chromosome
end. The three MAL gene families, MALR, MALT, and MALS, are shown in bold text. See Figure S1 and Table S1 for more information.
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896not contain any subtelomeric genes show a small number of
genes per species, with only few genes located within 200 kb
from the chromosome ends and very little difference in copy
number between species. Subtelomeric gene families (i.e.,
families that contain at least one subtelomeric gene), on the
other hand, often show several genes within 33 kb of the chro-
mosome end and even more genes within 200 kb. Moreover,
subtelomeric families also show drastic copy number variation
between the different yeast species used in this analysis
(Figure 1A).
Statistical analysis of the gene families shows that within a
species, there are far fewer subtelomeric gene families than
would be expected if subtelomeric and nonsubtelomeric
genes were distributed randomly among the families. In other
words, subtelomeric genes cluster together in a small number
of families, and families that contain at least one subtelomeric
member are more likely to contain multiple subtelomeric
members (p < 10210) (Figure 1B; Figure 2A; Table S2); this
signal remains even after controlling for tandem or local
duplications (p < 10210) (Table S2). Even more striking, subte-
lomeric gene families are on average much larger than nonsub-
telomeric families, containing 2–4 times more genes than
nonsubtelomeric families (p < 10210)(Figure 1B; Figure 2B;
Table S2).
Together, these analyses suggest that subtelomeric genes
tend to spawn new subtelomeric genes, possibly as a result
of the elevated recombination frequencies found at subtelo-
meres [3, 6, 7, 37]. This hypothesis prompted us to ask whether
subtelomeric families also show more copy number variation
than their nonsubtelomeric counterparts. When comparing
gene family size across the fungal tree, subtelomeric families
show significantly greater copy number variation between
species (p < 10210) (Figure 1B; Figure 2C). Moreover, subtelo-
meric families contain many genes that show greater similarity
to other genes in the same species than to genes in all other
species: a signature for recent duplication events that
occurred after the different species diverged (p < 10210)(Figure 2D). The extraordinarily rapid evolution of subtelomeric
gene families was further investigated via the computational
analysis of gene family evolution (CAFE) birth/death model
[15]. This model uses a clever algorithm to quantify the rate
at which new members of a gene family are being formed
or lost (see Supplemental Experimental Procedures for
more information). The model confirms that subtelomeric fami-
lies show remarkably aberrant birth/death rates (p < 10210)
(Table S2; Figure S2), further demonstrating the rapid evolu-
tion of these families.
After demonstrating that subtelomeric gene families show
both elevated copy number variation and gene family size,
we revisited our initial GO enrichment analysis. We wondered
whether the rapid gene turnover at subtelomeres is a property
of the types of genes found at subtelomeres or rather a prop-
erty of the subtelomeric region. We therefore compared copy
number variation and family size of nonsubtelomeric gene
families to subtelomeric gene families belonging to the same
functional GO category, and we repeated this analysis for all
GO categories that are enriched for subtelomeric genes. We
found that for almost all families of a specific category (99%
and 98% of nonsubtelomeric and subtelomeric families tested,
respectively), subtelomeric gene families showed both higher
copy number variation and average family size. In some cases,
we did not find statistically significant differences, but this
seemed to be due to the low numbers of genes in these GO
categories. Taken together, these results indicate that the
subtelomeric location rather than the functional enrichment
is the causal driving force for the rapid gene turnover, with
frequent duplication events (Table S1).
Duplication of Subtelomeric Genes Involved
in Disaccharide Utilization
Gene duplication is recognized as a crucial mechanism in
evolution. The extra copy resulting from duplication events
provides a dispensable copy of a gene that can acquire new
function (neofunctionalization) without being restrained by
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Figure 2. Computational Results
Subtelomeric gene families are larger and evolve faster. All Saccharomyces cerevisiae genes were divided into gene families based on their homology
(see Results for details). Families containing at least one gene located within 33 kb of a telomere were classified as subtelomeric gene families; all other
families are nonsubtelomeric families. Although we used the same 33 kb cutoff and the same Markov cluster (MCL) clustering parameters for our analyses,
our results remained unchanged when we altered the definition of the subtelomeric region and also when we altered the parameters for MCL gene clustering.
(A) The total number of subtelomeric gene families (114, red star) is smaller than what would be expected if all genes (subtelomeric and
nonsubtelomeric) were randomly distributed among gene families (gray curve representing the number of gene families with subtelomeric members after
10,000 randomizations).
(B) Subtelomeric gene families on average contain 2–4 times more genes than nonsubtelomeric families. The red star represents the average family size of
subtelomeric families in S. cerevisiae at a 33 kb cutoff. The gray distribution shows the mean size of 10,000 gene families that were chosen randomly among
all gene families. A complementary analysis contrasting the cumulative distribution functions of subtelomeric gene family size (red) and nonsubtelomeric
gene family size (black) is consistent with the larger size of subtelomeric families.
(C) Subtelomeric gene families show increased copy number variation. The distribution of coefficients of variation (standard deviation normalized by mean,
a dispersion metric) of the number of genes for all subtelomeric and nonsubtelomeric gene families shows that subtelomeric gene families exhibit drastically
higher copy number variation than nonsubtelomeric gene families.
(D) The distribution of intraspecies protein distances (similarities) is compared between subtelomeric gene families (red) and nonsubtelomeric gene families
(black). Subtelomeric gene families contain more closely related intraspecies proteins (recent duplications) than nonsubtelomeric gene families, which is
reflected in a shift of the distribution to the left. The inset compares the cumulative distribution functions of the intraspecies protein distances and shows
a significant shift of the subtelomeric families toward newer duplications. See Figure S2 and Table S2 for more information.
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897purifying selective pressure on its original function [38].
An alternative view is that gene duplication allows asymmetric
evolution of preexisting promiscuous functions in a protein
such that these prior functions can be further optimized (sub-
functionalization) [39]. Another putative advantage of subfunc-
tionalization is that the expression of the two copies can be
independently regulated, which further increases the evolu-
tionary potential.
To begin investigating whether members of subtelomeric
gene families show signs of functional divergence, we studiedtheir expression divergence (a measure for how differently
the genes are regulated; see [40]) and responsiveness (a
measure for how strongly a gene’s expression is influenced
by the environment [40]) (see Experimental Procedures). The
results show that subtelomeric genes show higher average
expression divergence (0.250 versus 20.007; p = 0.035) and
higher average responsiveness (1961 versus 1491; p < 10210)
when compared to nonsubtelomeric genes, agreeing with
the hypothesis that subtelomeric duplicates show rapid
divergence.
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Figure 3. MAL Copy Number Variation in Fungal Lineage
The MAL gene family shows extreme copy number variation in yeasts, and
the presence of MAL genes correlates with the ability to grow on maltose
and methyl-a-glucoside (Me-G). The species names of genomes that have
been completely sequenced and assembled are indicated in bold. The
numbers of MAL regulator genes (red), MAL transporter genes (blue), and
MALmaltase genes (green) are denoted by the number of blocks to the right
of the species name. The panel on the right indicates whether (+) or not (2)
individual strains grow on maltose (MAL) and methyl-a-glucoside. Strain-
dependent growth is denoted as +/2. See Figure S3 and Table S3 for
more information.
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898To further investigate whether the frequent duplication of
subtelomeric genes provides the raw material for functional
divergence, we examined three related typical subtelomeric
gene families involved in maltose metabolism [41] (see
Figure 1). For each of these families, we investigated whether
and how the genes have been duplicated and whether these
duplication events were followed by functional divergence.
The first family, called MALT, contains transporters to import
maltose into the cell; the second family, MALS, encodes malt-
ases, enzymes that hydrolyze maltose into two glucose units;
and the third family, MALR, encodes regulator proteins that
induce the expression of MALR, MALT, and MALS genes
when maltose is present [41].
We first manually mapped all MAL genes in completely
assembled yeast genomes, as well as in available contigs of
other (nonassembled) high-coverage genomes. We identified
7 unannotated MAL genes (2 from the MALR family and 5
from the MALS family) out of a total of 14 MAL genes in the
S. cerevisiae S288c genome that were present as unannotated
open reading frames. Next, consistent with our in silico anal-
ysis, we noted extraordinary fluctuations in the chromosomal
location and number of MAL genes between different species
and even strains (Figure 3; Figure 4; Figure S4). These copy
number variations are not a direct result of the whole-genome
duplication that occurred during the evolution of the hemias-
comycetes [42]. Candida glabrata, Saccharomyces castelli,and Kluyveromyces polysporus underwent the whole-genome
duplication but do not have any MAL loci. The protein
phylogeny indicates that the common ancestor of these yeasts
had only few MAL genes, which were completely lost in some
lineages and expanded in other lineages (Figure S3).
Further phylogenetic analysis revealed the existence of
multiple subfamilies (clades) of the MALT, MALS, and MALR
families that cluster tightly together based on their sequence
similarity (Figure 4; Figure S3). Genes within one subfamily
do not only represent orthologs (i.e., copies that diverged
independently after they were separated by speciation events;
no gene duplication involved) but also represent recent
paralogs (i.e., copies generated in duplication events within
the species). Members of different subfamilies, on the other
hand, show more sequence divergence and are usually
ancient orthologs. Hence, the MAL genes show a remarkable
instability in copy number and genomic location, even be-
tween evolutionary closely related S. cerevisiae strains. These
characteristics of the different MAL genes agree very well with
the results of our global in silico analysis of all subtelomeric
genes (above). It is important to stress that we only based
our analyses on the available fully sequenced yeast species.
However, analysis of the MAL gene families in as many as 76
other (partly) sequenced S. cerevisiae and S. paradoxus
strains confirm the trends observed in the fully assembled
genomes (Table S3).
Functional Divergence in the MAL Gene Families
Given the rapid expansion of the MAL gene families in
S. cerevisiae, we asked whether the duplication events re-
sulted in sub- and/or neofunctionalization. We screened three
sequenced S. cerevisiae strains for their ability to grow on
maltose and other related carbohydrates. Our systematic anal-
ysis extended previous work [41, 43–46] and uncovered many
novel functions for the different MAL genes. The laboratory
strain S288c failed to grow on maltose, whereas two feral
isolates, RM11 (from a vineyard) and YJM789 (from an AIDS
patient), both grew. Further analysis showed that this differ-
ence depended on the absence of one specific MALR
subfamily (clade) from S288c (Figure 4). Expressing members
of the MAL63-like subfamily (MAL63c9, MAL63c2 from RM11,
and MALx3 from YJM789) in S288c restored growth on
maltose. Conversely, deleting all members of this subfamily
in strains RM11 and YJM789 abolished their capacity to
ferment maltose (Figure 5A). Further growth assays showed
that these regulators are also required for growth on turanose,
maltotriose, methyl-a-glucoside, isomaltose, palatinose, and
sucrose (Figure 5B; Figure S5).
A phylogeny of the proteins encoded by the MALR genes
shows three distinct subgroups of regulators. The previous
results show that one MALR clade is vital for the consumption
of many a-glucosides. Why, then, are the other regulator
clades maintained? Further tests revealed that other regula-
tors (YFL052W, MAL13, and MAL33 in the MAL13-like clade)
evolved specificity for palatinose, a disaccharide naturally
occurring in sugarcane and honey (Figure 4; Figure S5C).
Together, these results indicate that the functions of the
different MALR paralogs have diverged to regulate cellular
metabolism in response to various distinct carbohydrates.
Next, we asked whether the MALT and MALS families show
similar sub- and/or neofunctionalization toward different
carbohydrates. Phylogenetic analysis revealed three distinct
MALT clades and five MALS clades (Figure 4). To investigate
the specificity of individual transporters and maltases, we
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Figure 4. Phylogeny of MAL Genes in
S. cerevisiae
The MAL gene families subdivide into tight
subfamilies (clades) that correlate with specificity
toward specific substrates. The phylogeny of the
MAL regulators, transporters, and maltases,
determined from multiple protein sequence align-
ments, is shown for alleles from S. cerevisiae
strains S288c, YJM789, and RM11, as well as
alleles deposited in GenBank from S. cerevisiae
and S. carlsbergensis. Individual subfamilies are
outlined with gray boxes, in which specificity is
denoted by a colored barcode. A red asterisk to
the left of the allele name denotes that the func-
tion of this allele was experimentally investigated.
The functions of alleles that are not marked by an
asterisk were not experimentally verified (in these
cases, the function was only inferred from the
sequence similarity with other alleles in the
same clade).
The specificity of the individual families was
determined as follows. Combinatorial knockouts
of MALR alleles in S288c (Figure 5C), knockins
of MALR alleles from RM11 and YJM789 into
S288c (Figures 5A and 5B), and combinatorial
knockouts of MALR alleles in RM11 and
YJM789 (Figure 5A) were used to determine
MALR allele specificity. Overexpression of
MALT alleles in S288c (Figures 6A and 6B) and
knockouts of MALT alleles in S288c (Figure 5F)
were used to determine MALT allele specificity.
Combinatorial knockouts of MALS alleles in
S288c (Figure 5D and 5E), overexpression of
MALS alleles in S288c (Figure 6A and 6B), and
purified enzyme assays of MalS proteins (Fig-
ure 6A and 6B) were used to determine MALS
allele specificity. For more detailed information
about assays, see Experimental Procedures.
Activity of a subfamily is summarized for maltose
(red), maltotriose (orange), turanose (yellow),
methyl-a-glucoside (lime green), isomaltose
(green), trehalose (light blue), sucrose (purple),
and palatinose (magenta). Activity toward a
specific substrate is indicated by a solid-colored
square, whereas lack of activity for a specific
substrate is depicted by white boxes with colored
outlines. See Figure S4 for more information.
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899created a yeast strain without active MALR genes (so that all
MALS and MALT genes were silent). Using this strain, we con-
structed yeast mutants that constitutively express different
combinations of one MALT and one MALS gene each and
tested their growth on a series of carbohydrates (Figure S6).
Certain combinations of MALS and MALT pairs allowed
growth on specific sugars. For example, expressing MAL11
(MALT family member) in combination with MAL12 or MAL32
(MALS family members) allowed S288c to grow on maltotriose,
whereas expressing MAL11 in combination with YOL157C
or YGR287C (MALS family members) allowed growth on
methyl-a-glucoside (Figure 6A). Together, the tests indicate
that the different MALT and MALS subgroups allow import
and hydrolysis of specific a-glucosides. Some clades encoded
proteins with broad substrate specificity (e.g.,MAL11member
of the MALT family), whereas others were more specific
(e.g., YOL157C member of the MALS family) (Figure 4; Fig-
ures 5D–5F; Figure 6).
To further confirm the substrate specificity of the MALS
family members, we purified all seven maltase proteins
(Mal12p, Mal32p, Fsp2p, Yil172cp, Yol157cp, Yjl216cp, and
Ygr287cp) from S. cerevisiae S288c and measured their abilityto hydrolyze different a-glucosides. The results confirm that
MAL12-like clade genes (e.g., Mal12p and Mal32p) (Figure 4)
have evolved specificity for maltose, maltotriose, turanose,
and sucrose (Figure 5D; Figure 6A), whereas other clades
(YOL157C, YJL216C, and YGR287C) (Figure 4) have evolved
specificity for other carbohydrates, such as palatinose, iso-
maltose, and methyl-a-glucoside (Figure 5E; Figure 6). These
results agree perfectly with the previous assays in which genes
were deleted or overexpressed.
Discussion
Our results uncover the extraordinary dynamics of subtelo-
meric gene families. Genes residing near the telomeres
undergo frequent recombination and duplication, which may
allow evolutionary adaptation and innovation. Detailed
analysis of three gene families that were historically linked
with maltose metabolism confirms our genome-wide in silico
analysis. In some yeasts, the MAL genes have completely
disappeared, whereas in others they show multiple recent
duplication events. Moreover, the evolutionary rate at which
these changes have taken place is exceptional, with wide
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Figure 5. Growth Data for MAL Mutants
MAL deletion mutants confirm phenotypes and functional divergence. Growth of various MAL mutants is portrayed in a heat map going from no growth
(dark blue, 0.0) to strong growth (dark red, 6.0).
(A) S288c wild-type strain fails to grow on maltose, whereas RM11 and YJM789 both grow on maltose. Transforming either a functional regulator from RM11
or YJM789 confers growth in S288c. Conversely, removing the functional regulator from YJM789 or both functional regulators from RM11 renders both
strains unable to grow on maltose.
(B) The functional regulator from RM11, MAL63c9 (MAL63 found on supercontig 9 in RM11 [see Figure S5]), is not only required for growth on maltose but
is also required for growth on turanose, maltotriose, methyl-a-glucoside, sucrose (suc2 mutant), palatinose, and isomaltose.
(C) All possible combinatorial knockouts of MAL regulators in S288c reveal that MAL13 and YFL052W are required for growth on palatinose, whereas the
absence of MAL33 reduces growth on this carbon source.
(D) Two maltases, MALS genes MAL12 and MAL32, are required for growth on maltose, turanose, maltotriose, and sucrose (the latter tested in a suc2
mutant), whereas the other MALS family members don’t affect the phenotype.
(E) YGR287C, a MALS gene, is the only MALS family member required for growth on palatinose, isomaltose, and methyl-a-glucoside.
(F) Removal of MAL11 permease renders strains unable to grow on most a-glucosides. See Figure S5 for more information.
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900differences in copy number within closely related species of
the Saccharomyces sensu stricto group (Figure 2) and even
within one species (Figure S4). Moreover, the various MAL
loci reveal a surprisingly broad activity, with certain previously
unidentified new family members showing no activity toward
maltose but instead degrading several other a-glucosides.
Because of the remarkable evolutionary rate of these gene
families, it is difficult to predict the specificity of the ancestral
enzymes, and it remains a future direction to determine the
extent to which neofunctionalization and subfunctionalization
have shaped their evolution.
It is interesting to hypothesize about the origins of variability
of subtelomeric genes and gene families. In our analysis, we
noted specific functional categories of genes that are enrichedin subtelomeres. Nonsubtelomeric genes that belong to the
same functional categories do not show a similar variability,
suggesting that the rapid turnover of subtelomeric genes is
an inherent property of these regions and not of the functional
categories of genes. It is difficult to deduce whether certain
rapidly evolving genes are adaptively relocated to subtelo-
meres or whether genes are relocated purely randomly to the
telomeres, which results in rapid evolution. Although our
results do not allow us to differentiate between these two
scenarios, we hypothesize that both scenarios may be true.
Genes may be relocated to the telomeres more or less
randomly, but only those genes for which the local elevated
dynamics are associated with a selective advantage will be
retained in the subtelomeres.
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Figure 6. Growth and Enzyme Assays
Growth and enzyme assays of MAL overexpres-
sion mutants show the functional divergence in
the MAL families. Growth in various a-glucosides
of S. cerevisiae S288c diploids resulting from a
cross of a MALT (rows) overexpression strain
and a MALS (columns) overexpression strain is
shown as a heat map. It is important to note
that the upper left entry in the heat map is a
wild-type S288c diploid that is a control for
growth. For all of the sugars except palatinose
and sucrose, the genotype of the diploids is
S288c, with exception of the MALS and MALT
modifications. For palatinose, S288c mal13/
mal13 diploids were used, whereas for sucrose,
S288c suc2/suc2 diploids were used. Relative
activity in units of nmol/min/mg of purified
MALS proteins is shown as gray bar graphs
above the respective MALS column in the heat
map. Error bars denote 61 standard deviation.
Individual family members are denoted beside
their row or column in the heat map.
(A) Growth of the diploids in maltose, maltotriose,
methyl-a-glucoside, palatinose, trehalose, and
turanose correlates well with the relative activity
of the purified enzymes and implicates specific
combinations of MALT and MALS alleles.
(B) Growth of the diploids in sucrose and isomal-
tose is dependent on the MAL11 family member
of MALT and no specific MALS family members,
whereas the enzyme assays indicate specific
MALS proteins. This is most likely due to MALR
alleles responding to the imported sugars and
upregulating the pertinent MALS alleles once
the native regulation of the MAL11 allele of
MALT has been bypassed. Deletion of the puta-
tiveMALS alleles indicated by the enzyme assays
confirms their specificity for sucrose (Figure 5D)
and isomaltose (Figure 5E). See Figure S6 for
more information.
Subtelomeres Promote Evolvability
901Because most subtelomeric gene families are involved in
niche-specific processes, including carbohydrate metabolism
[18, 19, 21, 41, 47], stress response, and cell surface properties
[22, 23, 48], it is tempting to speculate that their evolvability
allows rapid adaptation to novel niches and population struc-
tures [49, 50]. In the case of the MAL genes, expansion of
the gene families in Saccharomyces sensu stricto may have
allowed the metabolism of carbohydrates found in plants and
fruits, whereas further selection by brewers has probably led
to the other observed expansions [51]. Table S5 shows a signif-
icant amplification in S. paradoxus of specific MAL alleles
involved in the metabolism of sucrose, palatinose, and other
sugars found in tree sap and honey, from which S. paradoxus
is often isolated [16, 52, 53]. In yeasts that colonize mammals,
such as Candida spp., the MAL genes were completely lost,
presumably because these yeasts encounter enough simple,
preferred sugars present in blood and the digestive tract. Simi-
larly, expansion of subtelomeric gene families may have sup-
ported an elegant immune evasion system in pathogens,
whereas the contraction of olfactory receptors in humans
may explain our inability to detect certain smells [9, 26]. Inter-
estingly, a recent study in which S. cerevisiae cells were
evolved under sulfur-limited conditions identified frequent
duplications of SUL1, a subtelomeric gene encoding a sulfatepermease located near aMAL locus on the right arm of chromo-
some II [54].
Recent studies have noted the importance of whole-genome
duplication events for evolutionary innovation [17, 42, 55, 56].
Although these duplication events are rare, our results indicate
that small-scale duplication events in the subtelomeric regions
may also serve an important evolutionary role. Whereas the
number of subtelomeric genes is much smaller than all genes
involved in whole-genome duplication events, innovation at
subtelomeres is a continuous process rather than a rare event.
Furthermore, subtelomeric specific epigenetic effects, in-
cluding chromatin-dependent silencing, may further add to
the evolutionary potential of these interesting regions, for
example, by allowing swift divergence of the transcriptional
regulation of the duplicated copies, a crucial but often over-
looked process in evolution [57].
Experimental Procedures
Below is a summary of the experimental procedures. See the Supplemental
Experimental Procedures for more details about the individual sections.
Microbial Strains, Growth Conditions, and Molecular Techniques
All yeast strains and oligonucleotides (Sigma-Genosys and IDT) used are
listed in the Supplemental Experimental Procedures. Yeast cultures were
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902grown as described previously [58]. The sugars used in this study were
purchased to their highest available purity and were filter-sterilized before
adding to rich media. Standard cloning and molecular biology procedures
were used [59]. Growth assays were preformed in a BioScreen C MBR
system (Oy Growth Curves AB). Overnight cultures were diluted and inocu-
lated, and after 48 hr the machine was stopped and the doubling time and
fold change (OD600final/OD600initial) were calculated.Protein Purification
Yeast strains carrying pGPD-3xHA-MalS proteins (strains KV2325–KV2331),
as well as a wild-type strain (KV447), were inoculated into 1 liter of yeast
extract and peptone with 2% glucose from overnight cultures to a starting
OD600 of 0.1. HA-tagged proteins from the cell extracts were purified with
EZview red anti-HA affinity gel (Sigma). Protein quality and quantity were
determined on a NuPage Novex Bis-Tris mini gel (Invitrogen) with bovine
serum albumin (BSA) standards (Fluka).Enzyme Assays
The relative activities of the MalS proteins were determined by measuring
glucose release with a GOD-PAP kit (Dialab). Reaction mixtures consisted
of 3 ml of purified protein in 27 ml of a 100 mM phosphate buffer at pH 6.8
with 0.5 mg/mL BSA and 500 mM of a given sugar. The mean and standard
deviation of the relative activity (nmol of product hydrolyzed/min/mg
protein) were calculated from three independent reactions.Computational Data Sets
The proteomes of the eight completely sequenced ascomycetes (Saccharo-
myces cerevisiae S288c, Candida glabrata CBS138, Kluyveromyces lactis
NRRL Y-1140, Ashbya gossypii ATCC 10895, Pichia stipitis CBS 6054,
Debaryomyces hansenii CBS767, Yarrowia lipolytica CLIB122, and Schizo-
saccharomyces pombe 972h-) were downloaded from the National Center
for Biotechnology Information (http://www.ncbi.nlm.nih.gov/). The coordi-
nates of the genes encoding each protein along with the respective chromo-
some length were used to determine relative gene coordinates, which is
simply the minimal distance to nearest chromosome end. This relative coor-
dinate was then used to determine whether a gene is subtelomeric or not
based off of a cutoff (e.g., 33 kb). This was used for all of the subsequent
statistics (see Supplemental Experimental Procedures).Gene Family Statistics
Gene families were determined by using the MCL algorithm (http://www.
micans.org/mcl/). Although we used an inflation parameter of 2 for most
of our analyses, the MCL inflation parameter was varied (1.5–5), and our
results remained unaltered (see Table S2). These gene families were then
used for all of our analyses (see Supplemental Experimental Procedures).Supplemental Information
Supplemental Information includes Supplemental Experimental Proce-
dures, six figures, and three tables and can be found with this article online
at doi:10.1016/j.cub.2010.04.027.Acknowledgments
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